Cortical layer 5 (L5) pyramidal neurons integrate inputs from many sources and distribute outputs to cortical and subcortical structures. Previous studies demonstrate two L5 pyramid types: cortico-cortical (CC) and cortico-subcortical (CS). We characterize connectivity and function of these cell types in mouse primary visual cortex and reveal a new subtype. Unlike previously described L5 CC and CS neurons, this new subtype does not project to striatum [cortico-cortical, non-striatal (CC-NS)] and has distinct morphology, physiology, and visual responses. Monosynaptic rabies tracing reveals that CC neurons preferentially receive input from higher visual areas, while CS neurons receive more input from structures implicated in top-down modulation of brain states. CS neurons are also more directionselective and prefer faster stimuli than CC neurons. These differences suggest distinct roles as specialized output channels, with CS neurons integrating information and generating responses more relevant to movement control and CC neurons being more important in visual perception.
INTRODUCTION
The cerebral cortex is populated by numerous types of excitatory and inhibitory neurons. Excitatory pyramidal neurons (PNs) are the source of nearly all cortical outputs and thus play an essential role in mediating interactions between brain areas. In contrast, cortical inhibitory neurons make primarily local connections and modulate cortical outputs. Many studies have capitalized on cell type specific mouse lines to explore the diversity of inhibitory neuron types and their unique roles in cortical computations (Adesnik et al., 2012; Fu et al., 2014; Lee et al., 2012 Lee et al., , 2013 Nienborg et al., 2013; Taniguchi et al., 2011; Wilson et al., 2012) . In contrast, mouse lines for exploring the diverse contributions of different types of cortical PNs have only recently become available (Gerfen et al., 2013; Gong et al., 2007; Li et al., 2015; Olsen et al., 2012) . These lines have been used to investigate the functional properties and connections of layer 6 PN types (Kim et al., 2014; Olsen et al., 2012; Vé lez-Fort et al., 2014) , but most previous studies of layer 5 (L5) PN types have relied on more conventional cell targeting approaches (but see Li et al., 2015) . Here, we identify and use mouse lines expressing Cre recombinase selectively in subtypes of L5 PNs to facilitate experiments using modern molecular, genetic, and viral tools to link distinct cell types to brain-wide connectivity and function in the visual cortex.
Previous studies of L5 PNs have revealed key details about the long-distance projections, morphology, intrinsic physiological properties, and local inputs of two major cell classes: cortico-cortical (CC) and cortico-subcortical (CS). Importantly, CC PNs (often referred to as L5A or intratelencephalic) project to other cortical areas, whereas CS neurons (L5B or pyramidal tract) project to subcortical structures including superior colliculus, thalamus, and brainstem (Bourassa and Deschê nes, 1995; Groh et al., 2010; Hallman et al., 1988; Hattox and Nelson, 2007; Hü bener and Bolz, 1988; Hü bener et al., 1990; Kasper et al., 1994; Tsiola et al., 2003; Zarrinpar and Callaway, 2014) . Both CC and CS L5 neurons project to the striatum (Cowan and Wilson, 1994; Levesque et al., 1996) . L5 CC PNs have a relatively simple apical dendritic tuft, thin apical dendrite, and fire action potentials in regular trains (regular spiking, RS) following somatic current injections (Groh et al., 2010; Larsen et al., 2007) . In contrast, L5 CS PNs have a complex apical dendritic tuft, thick apical dendrite, and are burst spiking (BS) (Groh et al., 2010) . These differences suggest that CC and CS neurons likely function as distinct information channels for mediating different perceptual and behavioral demands.
In this study, we take advantage of bacterial artificial chromosome (BAC) Cre-expressing transgenic mouse lines, in vitro whole cell recording and dye-filling, viral tracers, and two-photon calcium imaging of visual responses to define and characterize distinct types of L5 output neurons in mouse primary visual cortex (V1). In addition to CC and CS L5 PNs, we identify and characterize a third type of L5 PN, which makes some CC connections, but does not project to striatum (CC-NS). We show that each cell class has unique in vitro electrophysiological and morphological properties. Furthermore, using monosynaptic rabies virus-based tracing methods, we show that CC neurons receive more of their synaptic inputs from higher order visual cortical areas specialized for visual image perception. CS neurons, on the other hand, receive more inputs from structures such as retrosplenial/cingulate cortex and basal forebrain, which are implicated in top-down modulation of brain states. These differences suggest possible functional differences in vivo which we evaluated using two-photon calcium imaging to assess visual responses to drifting sine wave gratings. We find that CS neurons are more direction-selective and prefer higher temporal frequency than CC neurons. Furthermore, CC-NS neurons prefer higher spatial frequencies. Our results show that each L5 projection neuron type receives differential brain-wide inputs and extracts different visual information to mediate its specialized functions.
RESULTS

Three Classes of L5 PNs in Mouse V1 Defined by Distinct BAC Cre Transgenic Mice Display Different Axonal Projection Patterns
To label distinct L5 PN subpopulations in the mouse cortex, we have identified and characterized three BAC Cre transgenic mouse lines obtained from the GENSAT project (Gerfen et al., 2013) (http://www.gensat.org/cre.jsp): Tlx3-Cre PL56, Glt25d2-Cre NF107, and Efr3a-Cre NO108. Cre recombinase expression in adult cortices of these transgenic mice is restricted to subsets of deep layer cortical neurons (Gerfen et al., 2013) , consistent with results in the Allen Brain Institute transgenic atlas (http:// connectivity.brain-map.org/transgenic).
To investigate the location of Cre expressing neurons in the adult visual cortex and long-distance axonal projections of cortical neurons in each transgenic line, we injected a Credependent adeno-associated virus (AAV) that expresses eGFP or tdTomato (AAV-FLEX-eGFP, or tdTomato) into V1 of Tlx3-Cre, Glt25d2-Cre, or Efr3a-Cre mice at postnatal day 60 (P60) and harvested brains at postinjection day 21. Cell bodies expressing eGFP (or tdTomato) are located exclusively in subsets of L5 PNs in Tlx3-Cre and Glt25d2-Cre lines; in the Efr3a-Cre line, cell bodies are located in both L5 and 6 (Figure 1A) , confirming that these three mouse lines express Cre in subsets of deep layer cortical neurons. eGFP + Tlx3-Cre + neurons in V1 project their axons densely and predominantly to adjacent visual cortical areas such as V2L, V2ML, and V2MM, as well as further cortical regions including other sensory cortices, frontal cortices, and the contralateral visual cortex ( Figures 1A, 1B , and S1A-S1C). This suggests that Tlx3-Cre selectively labels L5 CC PNs. eGFP + axons from Tlx3-Cre + neurons were not found in any subcortical structures with the exception of the striatum, a known target of axon collaterals from CC neurons ( Figure 1B ) (Levesque et al., 1996) . In contrast, eGFP + axons from Glt25d2-Cre + neurons in V1 do not project to other cortical areas ( Figures 1A and 1B) . Instead, their axons enter white matter and travel to target subcortical structures including the superior colliculus, lateral posterior (LP) and lateral dorsal (LD) nuclei of thalamus, pons, and ipsilateral striatum (Figures 1B and S1D-S1O). These axonal projections suggest Glt25d2-Cre selectively labels L5 CS PNs. We also labeled L5 CS PNs in V1 by injecting retrogradely infecting Cav2-Cre virus into the superior colliculus and AAV-FLEX-eGFP into V1. L5 neurons labeled by Cre expression in the Glt25d2-Cre mouse line and those labeled following Cav2-Cre injection to superior colliculus exhibit similar cell body locations and axon target profiles ( Figures 1A and 1B) . We conclude that although Glt25d2-Cre + neurons are sparse, they are a representative sample of CS neurons. Notably, Efr3a-Cre + L5 V1 neurons lack projections to known axonal targets of L5 CC and CS neurons such as superior colliculus, thalamus, brainstem, and striatum ( Figure 1B ). Efr3a-Cre + neurons do project to other adjacent cortical areas, a target they share in common with L5 CC neurons. Dense eGFP + labeled long distance axons are also found in known layer 6 neuron targets, including the dorsal lateral geniculate nucleus (dLGN), and LD and LP of thalamus (Figures 1B and S1J-S1O). In LP, a shared target region of L5 and 6 neurons, axon terminals of Efr3a-Cre + neurons are thin and small type I morphology, distinct from the thick and large type II morphology of Glt25d2-Cre + neurons (Figures S1P and S1Q) (Li et al., 2003) . The presence of labeled neurons in both L5 and 6 of Efr3a-Cre mice makes it less straightforward to study the projections of L5 Efr3a-Cre + neurons in isolation. However, several lines of evidence detailed below indicate that L5 Efr3a-Cre + neurons do not project to the thalamus and that they include both local pyramids (not projecting out of V1) and projection neurons. Since the only targets of Efr3a-Cre + neurons that are known to receive input from L5 rather than L6 are adjacent cortical areas (see above), L5 Efr3a-Cre + neurons must include CC projection neurons and might therefore represent a subgroup of CC neurons. Despite the fact that both L5 Efr3a-Cre + neurons and Tlx3-Cre + CC cells share a common extrinsic target (adjacent cortical areas), they are clearly distinct and non-overlapping groups. In addition to differences in projections to striatum, as described in further detail below, the morphology and intrinsic physiology of L5 Efr3a-Cre + neurons further distinguish them from Tlx3-Cre + CC cells. To determine whether LP projecting Efr3a-Cre + V1 neurons are in L5, cholera toxin subunit B conjugated to Alexa Fluor 594 (a retrograde tracer) was injected into LP of Efr3a-Cre mice ( Figure S1R ), while AAV-FLEX-eGFP was injected in V1. Although many Alexa Flour 594 labeled neurons were found in L5, none were eGFP + L5 Efr3a-Cre + neurons, indicating an absence of projections to LP (Figures S1S and S1T). Further, in line with a previous study demonstrating that L5 neurons in mouse V1 do not project to dLGN (Bortone et al., 2014) , L5 Efr3a-Cre + neurons do not project to thalamus. To trace the axons of single L5 Efr3a-Cre + neurons, we partially reconstructed sparsely labeled neurons (see Experimental Procedures; Figure S2B ). The main descending axons of all cells were reconstructed far enough to unambiguously determine whether they extended into the white matter or clearly ended before reaching the white matter.
Results from axonal reconstructions demonstrate that eight of 15 L5 Efr3a-Cre + neurons are local pyramids ( Figure 1C , left), whereas seven of 15 neurons project out of V1 ( Figure 1C , right) and presumably continue to nearby cortical areas, as these are the only regions other than the thalamus in which axons are seen following bulk labeling ( Figure 1A ). Note that the long distance projections of Efr3a-Cre + neurons also differ from both Tlx3-Cre + and Glt25d2-Cre + neurons in that no eGFP labeling is seen in the striatum ( Figure 1B ). These results are consistent with evidence for three distinct classes of L5 PNs ( Figure 1D ). 
Morphological and Electrophysiological Characterization Indicates Labeling of Three Distinct L5 PN Populations
We further investigated whether L5 PNs defined by Tlx3-Cre, Glt25d2-Cre, and Efr3a-Cre are distinct morphologically and/or physiologically. First, we characterized their soma and proximal dendrite morphology using confocal microscopy after AAV-FLEX-eGFP injection into V1 (Figure 2A ). Tukey's post hoc test and p < 0.0001). These differences between Glt25d2-Cre + neurons and both Tlx3-Cre + and
Efr3a-Cre + neurons were expected based on previous comparisons of CC and CS cells (Groh et al., 2010; Kasper et al., 1994; Larkman et al., 1988 and Glt25d2-Cre + cell somata (n = 13 and n = 15, respectively) appear more pyramidal ( Figure 2A ). We quantified this by measuring the height and width of each cell and determining the height over width ratio (H/W) as a parameter of cell body shape. L5 Efr3a-Cre + neurons have significantly higher H/W ratios than Tlx3-Cre + neurons (1.20 ± 0.06 and 0.83 ± 0.04, respectively, one-way ANOVA with Tukey's post hoc test, and p < 0.001; Figure 2B ), indicating that Tlx3-Cre + and L5 Efr3a-Cre + neurons are morphologically different. Furthermore, the greatest H/W ratio for the Tlx3-Cre + neurons was 1.03, while 15 of 21 (71.43%) of the L5 Efr3a-Cre + neurons had larger ratios indicating that there is less than 30% overlap between these distributions and that the two populations are largely distinct based solely on this single morphological feature. Next, we measured intrinsic membrane properties of the three L5 PN populations to test whether they exhibit distinct electrophysiological characteristics. To perform whole-cell patchclamp analysis, we prepared acute brain slices of the P28-P50 visual cortex from Tlx3-Cre, Glt25d2-Cre, and Efr3a-Cre mice after they were either crossed with Ai14 (Cre reporter line expressing tdTomato upon Cre-mediated recombination; see Madisen et al., 2012 or injected with AAV-FLEX-eGFP, or tdTomato). Near threshold depolarizing current pulses injected into the cell bodies under current clamp conditions revealed that all Tlx3-Cre + neurons (17 of 17) and most L5 Efr3a-Cre + neurons (seven of nine) are RS, while all Glt25d2-Cre + neurons (11 of 11) are intrinsically bursting (see Experimental Procedures), as expected from previous descriptions of CC thin-tufted and CS thick-tufted neurons, respectively ( Figure 2C ) (Groh et al., 2010; Guan et al., 2015; Kasper et al., 1994; Larkman et al., 1988) .
Despite the fact that both Tlx3-Cre + and L5 Efr3a-Cre + neurons are RS, further analyses revealed that the intrinsic electrical properties of L5 Efr3a-Cre + neurons are distinct from both Tlx3-Cre + and Glt25d2-Cre + neurons ( Figure 2D ). Analysis of interspike intervals (ISIs) at the onset of the current injection divided by the interval at steady state yielded similar values for Tlx3-Cre + and L5 Efr3a-Cre + neurons (0.57 ± 0.02 and 0.44 ± 0.09, respectively; mean ± SEM), both of which are distinct from Glt25d2-Cre + neurons (0.20 ± 0.02, one-way ANOVA with Tukey's post hoc test, and p < 0.0001 and p < 0.01 respectively). Input resistance (MU) for Tlx3-Cre + and Glt25d2-Cre + neurons are similar (120.91 ± 6.68 and 146.37 ± 14.53, respectively). However, L5 Efr3a-Cre + neurons exhibit significantly higher input resistances than the other two cell types (263.37 ± 52.72, one-way ANOVA with Tukey's post hoc test, and p < 0.05 to Glt25d2-Cre + and p < 0.001 to Tlx3-Cre + neurons). Although differences in the mean values were observed between cell types for both ISIs and input resistance, there was considerable overlap in the distributions between L5 Efr3a-Cre + neurons and both of the other groups ( Figure 2D ).
However, a third measure of intrinsic electrical properties clearly distinguished L5 Efr3a-Cre + neurons from Tlx3-Cre + neurons. Notably, L5 Efr3a-Cre + neurons exhibited significantly higher percent sag (%) than Tlx3-Cre + neurons (20.93 ± 2.05 and 6.57 ± 0.88, respectively. One-way ANOVA with Tukey's post hoc test and p < 0.0001), while percent sags for L5 Efr3a-Cre + and Glt25d2-Cre + neurons are similar (20.93 ± 2.05 and 22.19 ± 1.34, respectively). Sag amplitudes were also significantly larger for L5 Efr3a-Cre + and Glt25d2-Cre + neurons than for Tlx3-Cre + neurons ( Figure S3D ). Further details of percent sag measurements can be found in Figure S3 . Note that there is little overlap in the distributions of percent sag values between L5 Efr3a-Cre + neurons and Tlx3-Cre + neurons ( Figure 2D ), and no overlap in sag amplitudes ( Figure S3D ), indicating that they are distinct populations. Furthermore, the lack of bursting in most Efr3a-Cre + and Tlx3-Cre + neurons distinguishes them from Glt25d2-Cre + neurons. These physiological features, along with the morphological features described above, indicate that these three mouse lines label three distinct and non-overlapping L5 neuronal populations that must correspond to distinct cell types. Additional electrophysiological characterization, including adaptation indexes and capacitance were also evaluated for all three Cre + cell groups and can be found in Table S1 . (Wall et al., 2010; Wickersham et al., 2007) . To restrict initial RVdG infection to Cre expressing starter neurons in a given region and label monosynaptic input neurons specifically, we used Cre-dependent AAV vectors to express TVA, rabies glycoprotein (G), and GFP selectively in Cre + neurons.
TVA is a receptor for the avian sarcoma leucosis virus envelope protein, EnvA, and allows selective infection of Cre + ''starter'' cells with EnvA-pseudotyped RVdG (EnvA+RVdG). Expression of G in Cre + neurons allows for trans-complementation in neurons infected with RVdG such that rabies particles can be produced in starter cells and spread to their direct presynaptic inputs. GFP is used to mark cells expressing TVA, facilitating later quantitative analyses. In these experiments, we expressed these three genes in two separate AAV vectors in conjunction with a novel chimeric rabies G that mediates more efficient trans-complementation and trans-synaptic spread than previous versions (see Experimental Procedures). Furthermore, one of the AAV vectors (AAV-FLEX-G) expresses G alone in order to maximize G expression, further improving trans-complementation and trans-synaptic spread of RV. The second AAV vector (AAV-FLEX-GFP-TVA) expresses both TVA and GFP.
Tlx3-Cre + , Glt25d2-Cre + , and Efr3a-Cre + mice (>42 days old at the onset of experiments) were first injected at day 0 with a mixture of AAV-FLEX-G and AAV-FLEX-GFP-TVA into V1. At day 21, EnvA+RVdG expressing dsRed (EnvA+RVdG-dsRed) was injected at the same location. This resulted in expression of GFP, TVA, G, and dsRed in starter cells that were directly infected with EnvA+RVdG-dsRed in V1 and expression of only dsRed in distant neurons providing direct monosynaptic input to the starter cells (Figure 3) . At day 28-29, animals were sacrificed, their brains sectioned and stained, and labeling patterns across the whole brain were reconstructed to create maps of the locations of dsRed + input neurons for analysis.
To assess long distance presynaptic neurons to L5 Tlx3-Cre + , L5 Glt25d2-Cre + , and L5/6 Efr3a-Cre + neurons of V1, we analyzed every other coronal section of the whole brains from bregma 2.50 to À5.00 mm. There are three factors that should be considered before analyzing and interpreting long distance presynaptic cells correctly in our paradigm. First, it should be noted that since it was not possible to selectively infect L5 Cre + neurons in Efr3a-Cre mice (unlike Tlx3-Cre and Glt25d2-Cre mice), both L5 and L6 neurons serve as starter neurons (Figures 3C and S4B) . Second, low levels of leaky TVA expression are sufficient to mediate direct infection with EnvA+RVdG-dsRed and dsRed expression in non-Cre + neurons close to the injection site, however, leak expression of G is not sufficient to mediate trans-complementation and trans-synaptic labeling in distant neurons ( Figure S4 ) (Miyamichi et al., 2013; Wall et al., 2010) . Our virus injection sites were in the center of V1, from À3.3 to À3.5 mm along the anterior-posterior axis and from 2.4 to 2.7 mm along medial-lateral axis from bregma ( Figure 4A ). The adjacent visual cortical areas closest to these injections are more than 1 mm away and beyond the zone where direct infection of neurons with leaky TVA expression could confound results ( Figures 4A and S4A) . Therefore, this caveat should not affect our long-distance monosynaptic input mapping. Third, each brain in each transgenic mouse group has different starter cell numbers and differs in total numbers of input neurons ( Figure S4B ). In order to make direct statistical comparisons between experiments and between transgenic lines, here, we report the percentage of input in any given region over the total number of input neurons across the entire brain (excluding local input neurons in V1). We counted and registered dsRed + input neurons to the smallest possible subregion referenced in the Paxinos mouse atlas (Paxinos et al., 2001 ). We also used nuclear DAPI counterstaining and autofluorescence background to identify various anatomical boundaries to ensure input neurons were assigned to the correct structures (see Experimental Procedures).
To directly compare the proportions of inputs from each area across mouse lines, we assigned input neurons to 16 regions. These include nine cortical subdivisions: visual (including V2L, V2ML, and V2MM), retrosplenial/cingulate, auditory, somatosensory, motor, parietal, orbital, ventral-associated cortical areas, para-hippocampal area; four thalamic subdivisions: dLGN, LP, LD, and other thalamic areas; and the basal forebrain and other areas including striatum, amygdala, and hypothalamus (see Table S2 ). Neurons in visual cortical areas were assigned to V2L, V2ML, and V2MM rather than their smaller subdivisions (e.g., P, POR, LM, AL, RL, AM, PM, and M) because only the larger regions can be reliably identified using postmortem anatomical criteria. Smaller subdivisions encompassed by V2L are likely to include RL, AL, LI, LM, P, and POR. Similarly, V2ML and V2MM likely include AM, PM, and M (Garrett et al., 2014) . Figure 4N summarizes long-range input profiles onto Tlx3-Cre + ,
Cortical Inputs to CC and CS PNs in V1
Glt25d2-Cre + , and Efr3a-Cre + V1 neurons. All three Cre + populations in V1 received more input from extrastriate visual areas than any other structure ( Figures 4A and 4N ). Other relatively strong long-range cortical inputs were found in retrosplenial, cingulate, and auditory and somatosensory cortices (both primary and secondary regions; Figures 4A-4C and 4N ). There were smaller numbers of input neurons found in higher cortices, such as the parietal, orbital, motor, and ventral associational (including temporal association, entorhinal, ectorhinal, and perirhinal) and para-hippocampal areas ( Figures 4D, 4E, and 4N) . These results indicate the presence of direct feedback from many higher association areas to V1 in the mouse, without the necessity for transfer through intermediate higher sensory cortical areas.
Although these overall input trends were similar across Tlx3-Cre + , Glt25d2-Cre + , and Efr3a-Cre + mice, there were significant differences between mouse lines. Extrastriate visual areas provide a significantly higher proportion of the inputs to Tlx3-Cre + and Efr3a-Cre + neurons (54.65% ± 1.48% and 51.50% ± 3.16%, respectively) than to Glt25d2-Cre + neurons (35.94% ± 1.21%, two-way ANOVA with Tukey's post hoc test, and p < 0.0001) ( Figure 4N ). In contrast, Glt25d2-Cre + V1 neurons receive a higher proportion of their inputs from retrosplenial and cingulate cortices than do Tlx3-Cre + and Efr3a-Cre + V1 neurons (23.59% ± 3.49%, 13.38% ± 1.29%, and 16.33% ± 2.90%, respectively, p < 0.0001 for Glt25d2-Cre + versus Tlx3-Cre + and p < 0.01 for Glt25d2-Cre + versus Efr3a-Cre + , two-way ANOVA with Tukey's post hoc test) ( Figure 4N ).
Thalamic Inputs to CC and CS PNs in V1
We next examined long-range inputs from thalamic areas, the most prominent subcortical input source to all three Cre + L5
neuronal populations in V1, ranging from 12% to 30% of total inputs ( Figures 4H-4J, 4N , and S5D-S5G). Among thalamic areas, dLGN functions as the primary relay from the retina to V1 (Grubb and Thompson, 2003 Figures S5D-S5G ).
Other Subcortical Inputs to CC and CS PNs in V1
In addition to cortical and thalamic inputs, L5 PNs in V1 received direct long-range inputs from basal forebrain ( Figures 4G and  4N ). The basal forebrain is composed of diverse neuronal types including cholinergic neurons that project to the cortex to modulate brain states such as arousal and wakefulness. Interestingly, Glt25d2-Cre + neurons receive a significantly higher proportion of their inputs from the basal forebrain compared to Tlx3-Cre + neurons (1.67% ± 0.58% and 0.40% ± 0.04% respectively, two-way ANOVA with Tukey's post hoc test, and p < 0.01). By examining direct presynaptic neurons throughout the whole brain, we have also observed monosynaptic inputs to V1 from various unexpected anatomical structures, which have not been described in previous studies. These structures include caudate putamen and lateral globus pallidus in the striatum, the medial amygdaloid nucleus, and posterior or lateral hypothalamic areas (Figures S5A-S5C ).
Most Cortical Inputs to V1 L5 CC and CS PNs Originate from Other L5 PNs
We next investigated the laminar distributions of long-range cortical input neurons to L5 V1 neurons. While many previous studies have investigated the laminar locations of neurons making feedforward or feedback cortical connections, and other studies have documented the laminar termination patterns of cortical projections, we are not aware of any studies investigating the laminar sources of inputs to neurons located in a particular cortical layer or of a particular PN type. We therefore analyzed the laminar locations of rabies-labeled cortical neurons in Tlx3-Cre, Glt25d2-Cre, and Efr3a-Cre mice. Figure 5A shows the laminar pattern of input neurons in the visual cortical area V2ML following rabies virus injections into V1 of a Tlx3-Cre + mouse. We found dsRed + rabies-labeled neurons in all layers except L1. Across the three Cre + lines, for cortical neurons pooled from all cortical areas, the majority of long-range input neurons are located in L5 (53.05% ± 1.47% for Tlx3-Cre + , 65.93% ± 0.74% for Glt25d2-Cre + , and 56.46% ± 1.46% for Efr3a-Cre + neurons; mean ± SEM; Figure 5B ). Laminar bias of input neurons to L5 is even more striking in retrosplenial and cingulate cortices that modulate top-down processes; 69.31% ± 5.91% of input neurons from medial cortices such as retrosplenial and cingulate cortices to Tlx3-Cre + V1 neurons are located in L5, whereas few L2/3 neurons in retrosplenial and cingulate cortices make monosynaptic connections to L5 neurons in V1 (10.06% ± 4.09%, Figure 5E ). It is also notable that 8.64% ± 1.63% of long-range input neurons are from L4 ( Figures 5B-5D ). Studies of L4 excitatory neurons in primary sensory cortices have emphasized their roles as recipients of thalamocortical inputs and in projecting locally to layer 2/3 without providing long-distance outputs (Douglas and Martin, 2004) . This result reveals that at least some L4 neurons participate in long-range cortical-cortical connections. All three Cre + neuronal populations show considerable similarities in terms of laminar distribution of long-range input neurons. This suggests that cell-type specific connectivity between long-range connections and ****p < 0.0001). Abbreviations: CC, cortico-cortical; CC-NS, cortico-cortical non-striatal; CS, cortico-subcortical; dLGN, dorsal lateral geniculate nucleus; i-str, ipsilateral striatum; L5, layer 5; LP, lateral posterior thalamic nucleus; SC, superior colliculus; V1, primary visual cortex; V2L, secondary visual cortex, lateral area. The scale bars represent 500 mm (A) and 200 mm (B-L). might be based on soma locations along layers rather than their axonal projection specificity. Together, our findings provide anatomical evidence for layer-specific long distance connection specificity at a cellular level.
Visual Response Properties of Cortical versus Subcortical Projecting L5 Neurons
Because L5 CC, CC-NS, and CS PNs send their outputs to different structures, it is likely that they process different types of visual information. We therefore took advantage of the Tlx3-Cre, Glt25d2-Cre, and Efr3a-Cre mouse lines to investigate in vivo functional properties of L5 CC, CC-NS, and CS PNs in V1. Visual response properties were characterized based on two-photon imaging of calcium dynamics in stationary, awake mice ( Figure 6A ). We expressed the calcium indicator GCaMP6 and tdTomato in subsets of CC, CC-NS, or CS L5 PNs by injecting a 2:1 mixture of AAV-FLEX-GCaMP6 and AAV-FLEX-tdTomato in V1 of each Cre transgenic mouse (Figures 6B and 6C) . Figure 6B displays a z stack of two-photon microscope images from GCaMP6 and TdTomato expressing L5 CS PNs in V1 of a Glt25d2-Cre mouse; cell bodies can be clearly distinguished as well as their apical dendrites extending through the cortical depth up to the pia.
To assess tuning properties, two different stimulation paradigms were used. To quantify spatial frequency (SF) tuning, drifting sine wave gratings were varied over five different SFs (0.01 to 0.16 cycles per degree, c/d) and eight different directions while temporal frequency (TF) was kept constant at 1 Hz. To quantify TF tuning, gratings were presented at five different TFs (0.5 to 8 Hz) and eight directions, while SF was kept constant at 0.04 c/d. Using these paradigms, we generated tuning curves for SF, TF, and orientation/direction (at best SF or TF) for Tlx3-Cre + , Glt25d2-Cre + , and L5 Efr3a-Cre + neurons ( Figures 6D  and 6E, right) .
For neurons that were visually responsive and reliable (see Experimental Procedures), various indices were calculated: orientation selectivity (OSI), direction selectivity (DSI), preferred SF, and preferred TF (Figures 6D and 6E ). We present data for both SF and TF paradigms for Tlx3-Cre + and Glt25d2-Cre + neurons, but only for the SF paradigm for L5 Efr3a-Cre + neurons. This is because L5 Efr3a-Cre + neurons tend to prefer very high SF and were therefore rarely responsive to the lower SF gratings used in the TF paradigm (see details below). To compare visual response properties between the L5 cell types in V1, we characterized the visual responses (OSI, DSI, TF, and SF) of more than 110 Tlx3-Cre + , 13 Glt25d2-Cre + , and 17 L5 Efr3a-Cre + neurons (Figures 6D and 6E ; Table S3 ). Comparisons of the distributions of preferred SF between the three cell types ( Figure 6D ) showed that both L5 Efr3a-Cre + and Glt25d2-Cre + cells tended to prefer higher SF than Tlx3-Cre tions for Tlx3-Cre + and Glt25d2-Cre + cells appear similar to previous reports for mouse V1 L2/3 neurons (Marshel et al., 2011; Niell and Stryker, 2008) . However, L5 Efr3a-Cre + neurons appear unique in that the great majority of cells (14/17, 82%) prefer SF of 0.08 or higher. While Glt25d2-Cre + and Tlx3-Cre + neurons did not differ significantly in their SF tuning, these populations did differ significantly in TF tuning ( Figure 6E ), with Glt25d2-Cre + neurons preferring TFs that were nearly twice as fast as for Tlx3-Cre + neurons (median 4.0 Hz and 2.0 Hz respectively, Wilcoxon rank-sum test, and p = 0.0242). All three cell types were highly orientation tuned. Across SF and TF experiments, Glt25d2-Cre + were the least tuned, yet still had median OSI values > 0.61, and over two-thirds of cells had an OSI > 0.5 (see Figures 6D and 6E for values for all cell types.)
Using the varied SF paradigm with TF held constant at 1 Hz, L5 CS PNs were remarkably direction selective and non-parametric statistical tests showed that Glt25d2-Cre Figure 6D , top, right). Interestingly, when TF was varied and SF was held constant at 0.04 c/d, the DSI values for Glt25d2-Cre + neurons were lower than in the SF paradigm (median 0.46), while the DSI values were similar for Tlx3-Cre + neurons regardless of the stimulation paradigm (median 0.34) and differences between the distributions were not statistically significant. In summary, L5 Efr3a-Cre + neurons prefer higher SFs than Tlx3-Cre + , Glt25d2-Cre + neurons prefer higher TFs than Tlx3-Cre + , and Glt25d2-Cre + are more direction selective than Tlx3-Cre + cells.
DISCUSSION
While previous in vitro studies have provided extensive information about the intrinsic physiology and local connectivity of specific cortical cell types, information about brain-wide connectivity and in vivo function has been more elusive. Here, we took advantage of innovative molecular, viral, and genetic tools to study subtypes of L5 PNs in the mouse V1. First, we identified a Cre-driver mouse line (Efr3a-Cre) that distinguishes a distinct subtype of L5 CC, non-striatal (CC-NS)/local PNs and used in vitro physiological and anatomical approaches to characterize the intrinsic physiology and morphology of these cells in comparison to L5 CC (Tlx3-Cre) and corticalsubcortical (CS; Glt25d2-Cre) PNs. We then employed targeted monosynaptic rabies tracing of brain-wide inputs and GCaMPbased two-photon calcium imaging to characterize the in vivo visual function and connectivity of genetically defined L5 CC, CC-NS, and CS PNs. Our observations reveal novel insights into the diversity of L5 PNs, demonstrating differences in connectivity and physiology that may underlie the unique contributions of each cell type to CC versus subcortical computations (Figure 7 ). 
Heterogeneity of L5 PNs and Their Functions
Historically, cortical L5 PNs have been classified into two types, originally defined by their distinct projections to subcortical versus cortical targets (CS and CC, respectively) (O' Leary and Koester, 1993) . Since that time there have been innumerable studies of the intrinsic physiology, connectivity, and function of these neuronal populations, as well as evolving nomenclature and definitions. Typically, the definition used depends on the measurement methods being employed; because these diagnostic features have been well documented and are highly correlated, measurement of a single property generally allows other features to be unambiguously inferred. For example, CS neurons are invariably intrinsically bursting, while CC neurons are RS (Groh et al., 2010; Kasper et al., 1994) , and CS neurons have a larger cell body, thicker apical dendrite, and more extensive apical dendritic tuft than CC cells, leading to names such as thick-or thin-tufted, and tall-or slender-tufted (Groh et al., 2010; Kasper et al., 1994; Larkman et al., 1988) . In the primary somatosensory (S1) barrel cortex, CC and CS neurons are largely confined to layers 5A and 5B, respectively (Groh et al., 2010) , leading to a 5A versus 5B nomenclature. In the motor cortex, CS neurons project to the pyramidal tract and have been termed PT, while the CC cells are called intratelencephalic (IT) (Gerfen et al., 2013) . These distinctions, however, cannot be universally applied across cortical areas or species as seen here in mouse V1 (Zarrinpar and Callaway, 2014 can be further subdivided into at least two distinct groups. Using conventional features to distinguish CC from CS cells, Efr3a-Cre + neurons share the typical diagnostic features of CC cells, including RS physiology, a relatively small cell body, and a thin-tufted morphology. However, with more ovoid cell bodies, higher input resistance, greater percent sag, a lack of projections to the striatum, and a preference for higher SF visual stimuli, Efr3a-Cre + CC-NS cells differ in several ways from Tlx3-Cre + CC cells. Across our measurements, percent sag, sag amplitude, and absence of a striatal projection most clearly distinguish Efr3a-Cre + from Tlx3-Cre + cells and can therefore be considered as diagnostic of the cell type: the percent sag and sag amplitude measures are both more than 3-fold greater on average for the Efr3a-Cre + cells and there is very little overlap in the percent sag distributions and no overlap in the sag amplitudes. Another diagnostic feature of Efr3a-Cre + cells in V1 is a lack of projections to the striatum; while axons projecting to the ipsilateral striatum are clearly seen from both Tlx3-Cre + and Glt25d2-Cre + neurons, they are not present in Efr3a-Cre + mice. Previous studies have shown a strong correlation between percent sag and hyperpolarization-activated cyclic nucleotide gated cation channel (HCN1) and Trip8b expression in L5 projection neurons (Day et al., 2005; Sheets et al., 2011) . In future studies, it would be interesting to investigate whether L5 Efr3a-Cre + cells may also differ from Tlx3-Cre + neurons in the expression levels of HCN1.
Previous single cell tracing and genomic profiling studies have shown that both CC and CS L5 neurons can be divided into subgroups projecting only to subsets of their multiple targets, or having distinct somato-dendritic morphology, or expressing specific combinations of genes (Bourassa and Deschê nes, 1995; Molyneaux et al., 2007; Sorensen et al., 2013) . A population of CC neurons in the S1 cortex can consist of cells projecting to the contralateral cortex, to the contralateral cortex and striatum, or to both the contralateral and ipsilateral frontal cortex (Molyneaux et al., 2007; Sorensen et al., 2013) . Individual CS neurons in V1 can also project to different subsets of known targets of the population, including superior colliculus, ventral LGN, LD/LP, pretectum, and pons (Bourassa and Deschê nes, 1995) . Despite the diversity of projections, these differences have not been correlated with other anatomical or physiological features as we have demonstrated for Tlx3-Cre + versus Efr3a-Cre + L5 PNs. It is also possible that L5 Efr3a-Cre + neurons could comprise more than one type. For example, we have observed that some project to the white matter (and presumably to adjacent cortical areas), while others are strictly local ( Figures 1C  and S2B ). Whether these are truly different types depends on the definition of cell type and whether future studies might correlate these anatomical features with other properties. Such identification of further subdivisions based on distinct genetic, physiological, and anatomical properties will be important to further understanding how separate groups of neurons can function as distinct channels of cortical output to other structures. It is also important to note that, unlike Efr3a-Cre + L5 neurons in V1, Efr3a-Cre + neurons in other cortical areas, including extrastriate visual areas, but not S1 and Au1, appear to include typical CS neurons; they have large pyramidal cell bodies and thick apical dendrites and project axons to subcortical structures (Figure S2B) . There are several possible explanations for this observation: the cell group distinguished by Cre expression in V1 of Efr3a-Cre mice might be unique to primary sensory cortical areas; Efr3a-Cre expression is present in CS neurons in other cortical areas, but not in primary sensory cortex; and the expression of Cre does not fully recapitulate the expression pattern of Efr3a and differs between cortical areas. While the possibility that primary sensory cortices possess a cell type not present in other cortical areas is at odds with the notion of a universal cortical laminar and cellular architecture, this would certainly not be the first such observation. In the future, it will be important to search for cells like the V1 SFs than both Tlx3-Cre + neurons, suggesting that these cells are involved in pathways requiring higher visual acuity. Lastly, we found that each of these cell types were highly orientation tuned, more so than those reported in previous studies using single-unit electrical recordings in L5 of anesthetized or awake mice Stryker, 2008, 2010) . It should be noted that only about 10%-20% of L5 neurons responded reliably to the drifting grating stimuli we used (Table S3 ). This is lower than the roughly 50% of visually responsive neurons in L2/3, but comparable to the low percentages in some extrastriate visual areas (Andermann et al., 2011; Marshel et al., 2011) . Future studies should investigate experimental conditions and/or sensory stimuli that might generate responses in neurons that were not responsive under our experimental conditions. As L5 neurons are long distance output neurons, it is particularly interesting to correlate their stimulus selectivity to the projection targets. L5 CC PNs may convey visual information necessary for object recognition to higher visual areas in a feedforward manner. In contrast, L5 CS PNs may convey visual motion-related information to the superior colliculus. Previous studies of functional properties and connections in primate, cat, and rodent V1 also suggest that CC PNs process and convey image-forming visual information to higher visual cortices, whereas CS PNs are involved in sensory gating associated with movement (Finlay et al., 1976; Palmer and Rosenquist, 1974; Van Essen, 2005) .
We find that different types of L5 projection neurons receive different proportions of input from the many cell populations that project to mouse V1. This contrasts with previous studies, which found no difference in the laminar sources of local inputs to L5 CC and CS PNs (Schubert et al., 2001; Zarrinpar and Callaway, 2014) . Nevertheless, the differences in visual receptive fields described here suggest that these two populations integrate inputs from populations of neurons that impart different functional properties. Such differences might include local inputs in addition to the differences that we have observed in longdistance inputs.
It is noteworthy that L5 CC Tlx3-Cre + PNs that provide direct feedforward input to higher visual areas receive a higher proportion of feedback inputs from those same areas when compared to L5 CS Glt25d2-Cre + PNs. This is consistent with the potential importance of feedback in regulating levels of feedforward input. Feedback might also play a more important role in high-resolution image formation than in the generation of signals that are conveyed subcortically. In contrast, Glt25d2-Cre + neurons receive a higher proportion of their inputs from retrosplenial and cingulate cortical areas, and the cingulate cortex has recently been implicated in direct top-down attentional modulation of mouse V1 (Zhang et al., 2014) . Together these observations suggest an important role for top-down modulation of V1 neurons projecting to the superior colliculus and other subcortical regions. Such an influence on neurons that project to superior colliculus is consistent with its role in regulation of spatial attention (Krauzlis et al., 2013) .
Using recently available Cre driver lines, we have defined and characterized subtypes of L5 PNs in mouse V1 based on their morphology, axonal projections, and intrinsic electrophysiology, and we have correlated these features with differences in visual responses and brain-wide monosynaptic input networks. Altogether, these observations provide insight into potential mechanisms by which differential inputs and integrative mechanisms create functionally distinct outputs that are specialized for the roles of each cell type. This work can serve as a foundation for future studies that are likely to further subdivide L5 PN types and probe their contributions to perception and behavior by manipulating their activity and that of their various inputs.
EXPERIMENTAL PROCEDURES
All experimental procedures using live animals followed procedures approved by the Salk Institute Animal Care and Use Committee. Tlx3-Cre PL56, Glt25d2-Cre (or Colgalt2-Cre) NF107, and Efr3a-Cre NO108 mice are GENSAT BAC transgenic lines and have been previously described (Gerfen et al., 2013; Gong et al., 2007) . Mouse strains were maintained on mixed genetic backgrounds (129/C57BL6). Mice were used for analysis of: (1) brain-wide axonal projections and morphology, by injecting Cre-dependent AAVs expressing fluorescent proteins into V1 and subsequent postmortem histological analyses; (2) brain-wide inputs, by injecting Cre-dependent AAVs and EnvApseudotyped, G-deleted rabies virus into V1 and subsequent postmortem histological analyses; (3) intrinsic physiology, by injecting Cre-dependent AAVs expressing fluorescent proteins into V1 and then recording from the fluorescent neurons using whole cell patching in brain slices; and (4) visual responses, by injecting Cre-dependent AAVs expressing the fluorescent calcium indicator GCaMP6 into V1 and then two-photon imaging of visual responses in awake mice. Detailed descriptions of experimental procedures can be found in Supplemental Information.
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